The asymmetric relationship between the prices of crude oil and gasoline has been described as "rockets and feathers." This study examines the relationship between the prices of Dubai crude oil and Korean gasoline using the error correction model (ECM). To account for time-varying heteroscedasticity in the asymmetric ECM, this study applies the ECM exponential generalized autoregressive conditional heteroscedasticity (EGARCH) and ECM power autoregressive conditional heteroscedasticity (PARCH) models. The results show evidence of the asymmetric responses of Korean gasoline prices to Dubai oil price shocks in daily data. Specifically, positive price shocks in Dubai oil prices have a greater impact on domestic gasoline prices compared to negative price shocks. This suggests that the asymmetric gasoline price responses to crude oil price may be induced by the oligopolistic market structure of refiners.
I. Introduction
Environment, as a cross-cutting issue, receives enormous attention, especially after the Paris climate regime was launched (Kwon et al., 2017; Jin et al., 2017) . A main concern is that environmental policies should coordinate with energy policies and prices since energy prices influence environmental qualities and global warming significantly.
Since oil is the dominant source of energy in Korea, we need to investigate more in-depth analysis the relationship between crude oil and gasoline prior to an assessment of environmental effects.
Moreover, since crude oil price is the most important factor in input cost for the production of gasoline, it is generally expected that changes in gasoline prices would be consistent with the changes in crude oil prices. However, domestic retail gasoline prices are well-known to display asymmetric responses to oil price shocks. A number of researchers have studied the pattern on how changes in global oil prices affect changes in domestic gasoline prices. Many have observed an asymmetric relationship between oil and gasoline prices-specifically, that gasoline prices respond more quickly when oil prices are rising than when oil prices are falling. This is generally known as "rockets and feathers" phenomenon (Bacon, 1991) .
The Korean economy depends heavily on imported oil for its energy needs and for producing goods in many industries and national economies as a whole, so many studies have tried to examine how the changes in global oil price have an impact on domestic markets. In particular, the price volatility of crude oil has been an important determinant of domestic gasoline price in the markets. Therefore, changes in global oil prices continuously attract public attention, and
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In this study, we investigates responses of Korean retail gasoline prices to crude oil prices using an asymmetric error correction model (ECM) with oil price shocks estimated by a generalized autoregressive conditional heteroscedasticity (GARCH) method. Specifically, we focus on the possible asymmetric adjustment of gasoline prices to Dubai oil price changes. Our starting point is to specify vector error correction model (VECM) and apply Engle and Granger's two-step estimation procedure (Engle and Granger, 1987) . Even though there is an extensive amount of academic literature on asymmetric behavior, they have paid little attention on the heteroscedastic disturbances. Our research contributes to understandings of responses of Korean gasoline prices through examining and comparing asymmetric models with heteroscedasticity. This paper is organized as follows. We continue the overview of previous studies which have examined the relationship between crude oil price and gasoline price in Section 2. Detailed descriptions of the data and preliminary analysis follows in Section 3. In Section 4, the model specifications are explained, and the estimation results and conclusions are given in Section 5 and 6.
Many empirical studies have investigated how retail gasoline prices respond to changes in crude oil prices. Since the empirical results vary with the models, frequencies and periods of data, and countries, the existence of price asymmetries are mixed in previous literatures. Bacon (1991) studied the "rockets and feathers" hypothesis by examining the asymmetric response of UK retail gasoline prices to cost changes. The study used UK retail gasoline price data from 1982 to 1989 to show an asymmetric adjustment of gasoline prices to the increasing and decreasing cost patterns.
In a classic study, Borenstein et al. (1997) used a series of bivariate error correction models to test for asymmetry in price movements in each of the various stages in the production and distribution of gasoline from the crude oil prices through the refinery to the retail pump, using weekly and biweekly data covering 1986 to 1992. They found strong and pervasive evidence of price asymmetry.
Later, Godbyet al. (2000) used the threshold regression model to examine the relationship between retail gasoline prices and crude oil prices. They found no evidence of price asymmetry. Bachmeier and Griffin (2003) showed that the asymmetric response of spot prices to crude oil prices found by Borenstein et al. (1997) disappeared when using either a different specification or daily instead of weekly prices.
Among Korean cases, used the asymmetric error correction model based on Bachmeier and Griffin (2003) and examined two models to investigate how Korean gasoline prices responded to changes in Dubai oil prices and imported gasoline prices. Their results also provided econometric support for asymmetry
The Asymmetric Response of Korean Gasoline Prices to Changes in Crude Oil Prices ▪ 125 in the movements of gasoline prices and crude oil prices. Especially, the magnitude of asymmetric responses in gasoline prices is smaller in daily data than in weekly data.
There are also several papers which represent the asymmetric responses. However, the results depend on the data frequency, price variables and policy change. Lim (2007) pointed out that the price of crude oil should be converted into Korean won rather than dollar. This paper empirically suggested that "rockets and feathers" hypothesis does not exist in monthly data, while the asymmetry appears in weekly data. Lee and Shin (2006) confirmed that Korean retail gasoline prices symmetrically respond to the changes in Dubai crude oil prices while the whole sale prices of gasoline show asymmetries. Lee (2008) investigated how Korean wholesale and retail gasoline prices adjust to the changes in Dubai oil prices. The results showed that for wholesale prices, price asymmetries existed in both the long-term and short-term while for retail price, asymmetries were found only in the short-term. Oh and Heo (2007) found that Korean petroleum products respond to Mean of Platts Singapore (MOPS) and acquisition costs asymmetrically, while symmetries exist in the relationship between Korean petroleum products and Dubai oil prices. Kim and Moon (2004) divided the data periods into before and after the oil price regulation, using the monthly data from 1985 to 2004.
After the oil price liberalization was implemented in 1997, domestic oil product adjustment occurs more rapidly in comparison with oil price regulation period. Kim and Won (2009) On the contrary, some papers suggested no asymmetric responses of gasoline prices to changes of crude oil prices. Na (2002) investigated the existence of asymmetric responses in Korean gasoline prices by using quarterly data from 1991 to 2000. The results described that there is no price asymmetry when the unrestricted ECM is applied with monthly data. However, in the case of weekly data, the gasoline price responses are asymmetric to the changes of crude oil prices. Kim and Seol (2010) also found no asymmetries between Korean retail gasoline prices and crude oil prices.
Contrary to the previous studies, we focus more on the theoretical results with GARCH errors, including different asymmetric models of conditional heteroscedasticity. More specifically, since homoscedastic errors usually cause inappropriate criteria of estimates, Exponential-GARCH and Power-ARCH models are used in this study.
Ⅲ. Data and Preliminary Analysis
This study uses data on daily Dubai crude oil prices and Korean As an initial step in our empirical work, we perform a diagnostic check to assess the correct specification for each series. We test for stationarity using Augmented Dickey-Fuller (ADF) tests. The results in 
Ⅳ. Model Specification 1. Johansen Cointegration Test
For our purpose, we initially need to estimate the appropriate cointegration between Dubai oil prices and Korean gasoline prices.
To do this, we employ the Johansen's cointegration test. Before conducting the Johansen's cointegration test, it is necessary to test whether the raw data is I(1) process by conducting the unit root test.
As shown in Table 2 , the results of ADF, KPSS, and Phillips-Perron tests indicate that the raw data in all cases are nonstationary, but the data become stationary after the first difference. 
Vector Error Correction Model
(1)
The general form of a bivariate VECM is defined as Equation (1) 
To see whether the disturbances in Equation (1) 
where error term, is the type of innovation in the gasoline price equation and uniquely set by the gasoline market. Because Equation (3) equation (3) into the bivariate VECM (1), we can obtain:
From Equation (4), Dubai oil price equation can be derived as:
Equation (5) can be substituted into the Equation (4) to show the gasoline price equation:
.
Through these procedures, after all, contemporaneous Dubai oil price is treated as an explanatory variable, and error term, is determined in the gasoline price mechanism. We can carry out practical analysis with implicit decomposition of the gasoline price disturbance term in Equation (6).
Engle-Granger Cointegration Test
Since the exogenous characteristics are found, we applied Engle and Granger (1987)'s two-step estimation procedure. In the first stage, we obtain the results reported in Equation (7) for an OLS regression of the log of Dubai oil prices, , on a constant and the log of Korean gasoline prices, .
(7) (0.0174) (0.0027)
In Equation (7), the slope coefficient and intercept term are statistically significant; 2) thus, the price of imported crude oil is apparently reflected in Korean gasoline price. To determine whether and are cointegrated, we need to check the stationarity of residual sequences from Equation (7). In the second stage, we apply an Augmented Dickey-Fuller (ADF) unit root test and Phillips-Perron test to the residuals of Equation (7) 2) The values in parenthesis are standard errors.
Asymmetric ECM
Next, this paper continues with the asymmetric ECM to separate sample periods of overall Dubai oil prices and Korean gasoline prices into rising and falling periods. That is, we consider the ECM, allowing asymmetric responses to the error correction term. According to Engle and Granger (1987) , once two variables are cointegrated, we can estimate the error correction model to see the long-run relationship. To achieve our purpose, an asymmetric ECM defined in many previous studies can be suggested: 
This model is based on the understanding that positive and negative This section provides empirical evidence on the validity of the gasoline price asymmetry by examining the daily dataset. To distinguish between the asymmetric ECM and the asymmetric ECM with EGARCH and PARCH errors, we first estimate these models and then conduct a series of diagnostic tests on them. Table 6 shows the coefficient estimates for the asymmetric ECM and ECM with GARCH models. Using the Schwarz Criterion (SC) information, as described already in Section 4, the appropriate lag order is 9. Formally, the presence of asymmetry can be established by testing the null hypothesis that and , as well as for all using an joint F-test. We use the Wald test to see whether the coefficients on the positive and negative changes are equal, as described in Table   7 . A joint test, the last row of Table 7 , reflects the asymmetric price responses of domestic gasoline to the price changes in crude oil, which is consistent with finding in Grasso and Manera (2007) . Note: ***, **, and * indicate significance at 1%, 5%, and 10% level The estimated results of asymmetric ECM are shown in Table 6 .
<Table 6> Estimated results of asymmetric ECM, ECM-EGARCH and ECM-PARCH
Although most of the coefficients of current and lagged Dubai oil prices are significant, values of positive shocks are greater than negative shocks in some time lags and negative shocks have a greater impact than positive shocks in other time lags. In other words, the coefficients of positive and negative Dubai oil price shocks in each time lag do not show the coherent result. In Table 7 Figure 2 shows the conditional variance of Korean gasoline and Dubai oil, respectively. These graphs also confirm the strong evidence of ARCH effects. It means that there is the heteroscedasticity problem in the residuals. In addition, the Q-statistic results show that there is a statistically significant autocorrelation in residuals (presented in Table   9 ), indicating higher order autocorrelation in the ECM model. To deal with the residual heteroscedasticity and autocorrelation problems in the traditional asymmetric ECM, ECM-EGARCH and ECM-PARCH are applied. The estimates of the conditional mean and variance equations are also shown in Table 6 Again, from 
Ⅵ. Conclusion
Previous studies on the asymmetry in the response of gasoline prices to changes in crude oil prices have produced conflicting results. Contrary to previous studies, this study accounted for the heteroscedasticity and autocorrelation in the traditional asymmetric ECM by using ECM with exponential GARCH (EGARCH) and Power ARCH (PARCH) models to investigate the price relationship between crude oil prices and domestic gasoline prices. The asymmetric ECM with EGARCH and PARCH model can capture the appropriate asymmetric properties in volatile responses better than the traditional ECM.
Our results from the ECM-EGARCH and ECM-PARCH models showed the presence of asymmetric responses in Korea gasoline prices to the changes in Dubai oil prices in daily data. Specifically, the positive shock of Dubai oil prices has a greater impact on domestic gasoline price compared to the negative price shock. That is, Korean gasoline prices rise more quickly for positive price changes in Dubai oil than negative price changes. To be more specific, the asymmetric relationship between Dubai oil prices and Korean gasoline prices can be summarized that gasoline prices respond more quickly when Dubai oil prices are rising than when prices are falling. There are four major refiners in Korea, and their market shares have been stable over the years (Kim, 2015) . Therefore, the oligopolistic market structure of refiners may induce asymmetric gasoline price responses to crude oil price.
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